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The Ground State Fundamentals of p-Benzoquinone 
and p-Benzoquinone-d, 
T. h4. DUNN AND A. H. FRANCIS 
The solid state infrared and Raman spectra of p-benzoquinone and several isotopic deriva- 
tives are reported and compared with the results of previous solution and vapor phase studies 
and with the results of previously published normal coordinate analyses. The vibrational 
assignments are discussed in terms of the vibronic activity observed in the phosphorescence 
spectra of the individual isotopically related quinones in several host lattices at 2’K. The 
infrared and Raman inactive fundamentals of p-benzoquinone& obtained from vibronic 
analyses of the vapor phase resonance fluorescence are reported. The six Raman active lattice 
modes of p-benzoquinone-if4 and -da are assigned with the aid of isotope shifts and thermai- 
anisotropic-motion amplitudes from previously published S-ray diffraction data. 
INTRODUCTIOS 
As part of a study of the low temperature electronic emission spectra of p-benzo- 
quinone single and mixed crystals, a considerable amount of information has been 
obtained regarding the assignments of the ground state fundamentals of this molecule 
and those of several of its isotopically substituted derivatives. Unexpectedly large 
changes in the frequencies of several infrared active modes, observed as vibronic origins 
in the phosphorescence spectra, from the values reported for the solution and vapor 
phase infrared, have led us to reinvestigate the complete Raman and infrared spectra of 
single crystals of p-benzoquinone-h4 and - &. 
Stammreich and Forneris (1) obtained the first complete Raman spectrum of p-benzo- 
quinone in 1952 and speculated on the assignment of some of the observed Raman shifts. 
Anno and Sado (2) recorded the infrared spectrum of quinone and, utilizing the Raman 
data of Stammreich and Forneris, published a complete vibrational assignment, drawing 
where necessar!. upon the results of calculations of the totally symmetric frequencies 
using force constants derived from those for benzene. A simple valence force field approsi- 
mation was used in this calculation and the agreement between experimental and thc- 
oretical frequencies was poor. Davies and Pritchard (3) obtained the infrared spectra of 
quinone both in solution and in the vapor phase and, by using analogies to para-disub- 
stituted benzenes, arrived at a complete assignment differing in several respects from 
that of Anno and Sado. Becker, Ziffer, and Charney (4) have studied, in detail, Fermi 
resonances in the carbonyl stretching region of the infrared spectrum of quinone and 
obtained the infrared spectra of several isotopically substituted quinones. A thorough 
reinvestigation of the Raman spectrum of quinone was undertaken by Stammreich and 
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Sans (5) in 1964, followed shortly by a complete normal coordinate analysis of quinone 
and its isotopic derivatives by Anno (6). The experimental and theoretical results for 
quinone and several of its isotopic derivatives have been correlated in a paper by Becker, 
Charney and Anno, setting forth complete vibrational assignments for quinone and six 
isotopic derivatives (7). 
In summary, assignment of the molecular fundamentaIs of quinone has been accom- 
plished by: (1) comparison of the observed vibrational frequencies with those of sub- 
stituted benzenes; (2) analysis of the vapor phase infrared band contours and Raman 
band polarizations; (3) comparison with the theoretical frequencies from a complete 
normal coordinate calculation; and, (4) studies of the isotope shifts and application of 
the Teller-Redlich product rule to the final assignments. Using these methods, it has 
been possible to arrive at convincing assignments for many of the thirty fundamentals. 
However, for those fundamentals which are either Raman and infrared inactive, or too 
weak for contour or polarization analysis, agreement with the theoretical results is the 
only basis for assignment. Inevitably, with thirty fundamentals, there occur instances 
where the theoretical results alone cannot distinguish between alternative assignments. 
Two of the thirty fundamentals of p-benzoquinone transform as the a, representation 
of the D2h molecular point group and are, accordingly, Raman and infrared inactive. The 
only experimental determination of these fundamentals is of an indirect type, from the 
analysis of the visible electronic absorption spectrum of vaporized quinone; in particular, 
that portion of the spectrum attributed to absorption from thermally populated ground 
state vibrational levels (8). The experimental frequencies of these fundamentals, there- 
fore, depend entirely on the correct assignment of these features as ‘hot bands.’ 
In the present paper, we have correlated the assignments obtained from analysis of 
the solid state low temperature phosphorescence spectra of p-benzoquinone-124, -(ia, 
-&0?‘8, and the single crystal infrared and Raman spectra, with the results of previous 
analyses of the solution and vapor phase vibrational spectra. The increased resolution 
afforded by the use of Low temperatures in obtaining the single crystal vibrational 
spectra, as well as limited band polarization information, when combined with the 
results of the analyses of the crystal phosphorescence spectra, y-ield unambiguous assign- 
ments of the Raman and infrared active fundamentals. In addition, the frequencies of 
the a, fundamentals have been obtained from an analysis of the vapor phase fluorescence 
spectra of p-benzoquinone-h4 and -d4. 
EXPERIMENTAL 
Infrared spectra were obtained from crystalline samples prepared by melting the 
powdered material between polished flats of caesium iodide and allowing slow recrystal- 
lization. The samples were then examined between crossed sheets of polarizing material 
and uniformly oriented sections selected for study by masking. The sample was cooled 
by conduction to approximately 100°K in a liquid nitrogen dewar. Spectra were recorded 
on a Perkin-Elmer IR-12 recording spectrophotometer. 
Raman spectra were recorded at 77°K on Jarrell-Ash and Spes laser Raman recording 
spectrophotometers using both single crystals of quinone grown from the melt in a 
vertical Bridgeman furnace and powdered samples contained in a narrow bore capillary 
tubes. 
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The techniques used to obtain the low temperature (2°K.) single and mixed crystal 
phosphorescence spectra are described in Part II of this work. 
DISCUSSION 
In the following, the molecular plane is regarded as the YZ plane, with the Z axis 
connecting the oxygen atoms. The thirty vibrational degrees of freedom are all related 
to nondegenerate symmetry species of the &, molecular point group. Fundamentals 
having symmetries a”, bzy, bl,,, and b 2w are related to vibrational motions in the plane of 
the molecule, and the a,, ba,, big, and b,, modes, to out-of-plane vibrations. The normal 
coordinates of these modes have been described in greater detail by Zimmermann (9) 
and b?; Garrigou-Lagrange, Lebas, and Josien (10). 
The crystal structure of p-benzoquinone belongs to the space group Cj~h (Pz,,,) and 
has two molecules per unit cell, both on sites Ci (II). The differences between the spec- 
trum of quinone in the vapor phase and in the solid state arise from site group splitting 
(Dzh + C’f) and factor group splitting (CL -+ Csh) and combinations with lattice modes. 
The a, fundamentals, infrared and Raman inactive in point group Dzh, are infrared 
active in the factor group C2h. 
The moments of inertia used in the calculation of the isotope product ratios are derived 
from the X-ray diffraction data using a C-H bond distance of 1.075 ii and are essentiall\ 
identical to the values obtained when the vapor phase electron diffraction data (12,16) 
are used. 
The solid state low temperature infrared spectrum of quinone-h4 obtained with inci- 
dent radiation perpendicular to the (201) crystal face is shown in Fig. 1. Due to the near 
coplanarity of the molecular and (2Oi) cr>,stal planes, bau fundamentals appear with 
diminished intensity relative to the b I[, and b2rL fundamentals. The analysis of the solid 
state infrared spectrum of quinone-h4 is given in Table I-h and that of quinone-tll in 
Table I-d. 
The single crystal Raman spectrum of quinone-h4 is shown in Fig. 2 and the analysis 
given in Table (II-h). The analysis of the Raman spectrum of quinone-dr appears in 
Table II-d. In Table III the final assignments for the solid state fundamentals of P-benzo- 
quinone-/zl and -tll are collected and correlated with the assignments from previous 
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Frti. 1. Infrared spectrum of crystalline p-benzoquinone44 at 77°K. 
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studies. With the exception of those fundamentals belonging to the irreducible repre- 
sentations bl,, excellent agreement is obtained between the theoretical and experimental 
isotope product ratios shown in Table IV. 
The six totally symmetric fundamentals of p-benzoquinone may be described approxi- 
mately as: a C-H stretching vibration, ~1; a C==O stretching vibration, v2; a C=C 
stretching vibration, ~3; a C-H bending vibration, vq; a C-C stretching vibration, v5; 
and a ring bending vibration, ~6. 
One of the most perplexing problems in the assignment of the vibrational modes of 
p-benzoquinone has been the identification of the carbonyl symmetric and antisymmetric 
stretching frequencies, and the C=C symmetric stretching frequency. The fundamentals 
vz and v3 as noted above are related to the totally symmetric stretching modes of C=O 
and C=C, respectively, and are expected to couple strongly each involving coordinates 
of both motions. Evidently, from the NCA analysis (6), all three fundamentals are ex- 
pected to lie in the frequency range 1640-1680 cm-’ in the various isotopically substi- 
tuted molecules of quinone. In addition to these fundamentals, several binary combina- 
tions are also found in this region, and the possibility of resonance interactions (4) 
further complicates assignment of the normal mode frequencies. 
The assignments of VZ, ~3, and ~13 are obtained most conveniently from the analysis of 
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observed involve a single quantum of the antisymmetric carbonyl stretching vibration 
and strong progressions, built upon these vibronic origins, involve multiple quanta of 
the totally symmetric carbonyl stretching vibrations. This fortunate circumstance assists 
in identification of both the symmetric and antisymmetric carbonyl stretching modes. 
The totally symmetric C=C stretching mode, though observed, plays a less significant 
role in the emission spectra of quinone mixed crystals. 
The assignments of v2 and va in p-benzoquinone-d( have been interchanged from those 
originally made by Charney et al., primarily on the basis of the appearance of these two 
two fundamentals in the emission spectra. Estensive Fermi resonance interaction in the 
carbonyl stretching region of the infrared spectrum p-benzoquinone-h4 and -da has been 
demonstrated previously (4). The phosphorescence spectra of pure quinone as well as 
mixed crystals of quinone in several dihalogenated benzenes yield slightly different fre- 
quencies for the normal modes ~13, ~2, and ~3, suggesting a high degree of sensitivity to 
crystalline environment. Since Fermi resonance interactions depend critically on the 
anharmonic content of the modes involved, and since the anharmonicity of the vibra- 
tions will be influenced by the crystal field, such sensitivity is not wholly unexpected. 
Vibrational intervals of approximately 16.32 cm--’ and 1645 cm-l were observed in pro- 
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FIG. 2. Raman spectrum of crystalline p-benzoquinone-ha at 77°K. 
respectively. In view of the fact that the electronic transition is localized largely on the 
carbonyl group, the most probable assignment of the totally symmetric progression 
interval is to the C=O totally symmetric stretching mode, ~2. The intense vibronic ori- 
gins at approximately O-1660 cm-l and O-1655 cm-l for quinone-h4 and 44, respectively, 
must be assigned to the antisymmetric C=O stretching mode, ~13. The totally symmetric 
I; 1149 1149 1149 1147 1152 828 8j2 
2 444 770 z'i 770 772 445 746 746 
!+43 433 43s 
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C=C stretching mode, ~3, was observed in the phosphorescence spectra of quinone-hr 
only-. From the analysis of the phosphorescence spectrum of quinone-d40218, the corre- 
sponding fundamental frequencies are: v2 (1628 cm-l), v3 (1600 cm-r), v13 (1633 cm-‘). 
The above assignments are consistent with the expectation that, in the uncoupled 
motions, the influence of deuteration manifests itself predominantly in the skeletal 
vibration, while the effect of 018 substitution is distributed between the carbonyl and 
skeletal motions. These assignments are essentially those originally proposed by Stam- 
merich and Sans, (5) but later revised by Charney, Becker, and Anno (7) who inter- 
changed the assignments of v2 and vs. It is somewhat surprising to find the frequency of 
the C=C stretching vibration to be higher than that of the carbonyl group. Evidently, 
the effect of the carbonyl is to concentrate charge in the ring, thereby increasing the 
C=C bond order. This interpretation is supported by the X-ray diffraction data from 
which a C=C bond length of 1.32 A slightly shorter than the corresponding bond length 
in ethylene, was deduced. 
Of the remaining totally symmetric fundamentals, v5 v6 appear in numerous combina- 
tions and progressions in the crystal emission spectra, thus supporting the assignments 
by Charney, Becker and Anno. The frequencies of vj and v6 in the solid state Raman 
spectrum are essentially the same as those reported by previous investigators for the 
solution and vapor phase spectra. The totally symmetric C-H bending vibration ~4, 
however, was found to increase 10 cm-r in the solid. 
The jive bsO fundamentals may be described approximately as: a C-H bending vibra- 
tion, vr; a C-C stretching vibration, vs; a C-H bending vibration, vg; a ring bending 
vibration, ~10; and a C=O bending vibration, vlr. The frequencies of the fundamentals 
observed in the solid state Raman spectrum agree well with those reported for the solu- 
tion Raman spectrum by Stammreich and Sans. Only vI1 requires special comment. Two 
bands of moderate intensity at 1392/1356 cm-l in the solution spectrum of quinone-hc 
and 1337/1299 cm-’ in quinone-d4, provide possible assignments for vs. Only one funda- 
mental is expected in this region and the appearance of a second band of moderate in- 
tensity has been explained by a resonance splitting arising from the interaction of the 
fundamental v8 with the combination band vg -I- vlo, which belongs to the symmetr? 
class bsg. This argument leads to the assignment of a frequency of 1374 cm-’ and 1318 
cm-l for vs in the -h4 and -d4 compounds, respectively. Similar diads were observed in the 
solid state Raman spectrum at 1393/1363 cm-’ (-ha) and 1337/1297 cnz-’ (-d,). The 
corresponding combinations of v5 + vlo are 1372 cm-’ and 1328 cm-’ leading to assign- 
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ments of yE of 1384 cm-’ (-h4) and 1306 cm’ (-&). It has been noted (5) that the reso- 
nance interaction suggested above is completely analogous to the well-known case of 
Fermi resonance observed in the spectrum of benzene. A combination frequency arising 
from a planar ring distortion mode (ezQ, 606 cm-l) and a ring breathing mode (a~~, 992 
cm-l) interacts with the C-C stretching fundamental (es,) and leads to the band splitting 
1585/1606 cm-‘. The ezg modes under point group D6h are directly correlated with the 
bsQ modes in Dth and correspond to similar vibrational motions. 
Thejive b~,funtlame~ztals may be approximately described as: a C-H stretching vibra- 
tion, ~12; a C=C stretching vibration, ~13; a C-H bending vibration, ~1,; a C-C stretch- 
ing vibration, ~15; and a ring bending vibration, ~6. 
The assignments of the bl, fundamentals reported by Charnel, Becker and Anno have 
been completely confirmed bq- polarization effects in the solid state infrared spectrum 
and by correlation with the fundamentals observed in the crystal emission spectrum. 
The ring bending mode, ~16, is expected, from the normal coordinate analysis, to lie in 
the region 760-700 cm-‘. The only bands observed in the solution infrared spectrum in 
this range are the very weak ones at 728 cm-’ and 635 ct@ in quinone-hr and -d.,, re- 
spectivelj., hence, these bands have been assigned to v16. Since no vapor phase band 
contours were observed for Y16 the assignment of this fundamental was regarded as one 
of the weakest points in the vibrational analysis. In the infrared spectrum of the crystal- 
line materials, ~16 is observed at 745 cnl-I and 674 cm-l in the -1~~ and -d4 compounds, 
respectively, and its in-plane polarization established by its intensity relative to the bil, 
mode vxl. The assignment of this fundamental is confirmed by its activity in the crystal 
emission spectra (14). Finally, the C-H bending mode, v 11, increases b\. 12 cm-l from the 
free molecule to the crystal lattice. 
The poorer product rule agreement obtained for the bl, fundamentals in the solid 
state is primarily a consequence of the change in the frequency of VI6 upon crystalliz:L- 
tion. Since the ratios are in the form (-h4/U4), anharmonic effects tend to make the ob- 
served ratio less than the calculated ratio and the deviation from theoretical ma)- involve 
EL marked increase in the anharmonicity of y16 in the solid state. 
The jive bz, modes may be described approximately as: a C-H stretching vibration, 
~17; a C=C stretching vibration ~1~; a C-C stretching vibration vlg; a C-H bending 
vibration, YZO; and a C=O bending vibration vil_ In the vapor phase and solution infra- 
red spectra only one band is observed in the C-H stretching region. Accordingly, in 
previous vibrational analyses, both v 12 and ~17 have been assigned to the moderatel!, 
intense band observed at 3062 cm-’ and 2277 cm-l in the vapor phase infrared spectrum 
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of the (-Ad) and (-&) compounds respectively. Two bands were observed in the infrared 
spectrum of the crystalline compounds in the C-H (C-D) stretching region. There 
seems to be no compelling reason to favor one assignment of the two bands observed to 
the two infrared active C-H (C-D) stretching modes over another, other than the rela- 
tive ordering suggested by the normal coordinate analysis which places the vl? slightly 
lower in frequency for both the C-H and C-D stretches. 
The band observed at 1066 cm-’ in the solution infrared spectrum of p-benzoquinone-h( 
was assigned to vzo by Becker, Charnep, and Anno (7) from considerations of benzene 
derivatives and the results of the normal coordinate analysis (6). No band of appropriate 
contour in a suitable spectral region was observed for (-d4) in the vapor phase. The 
normal coordinate analysis and a calculation of the approximate value of the fundamen- 
tal needed to satisfy the product rule suggested that the missing (-d4) fundamental is 
quite probably hidden under the very intense b 1% fundamental, ~25, at 793 cm-‘. Two 
bands were observed at 800 cm-’ and 812 cm-’ in the solid state infrared. The lower fre- 
quency band is satisfactorily assigned to the b su C-H out-of-plane stretch ~2~. The re- 
maining band cannot be assigned to a combination band and is therefore assigned as vzo. 
The (-d4) value previously reported for vlg is that for the unperturbed fundamental 
estimated from the Fermi diad observed at 1226/1258 cm-’ in solution (7). The low fre- 
quency component was assigned as vq + ~21 which has the unperturbed value 1230 cm-l 
and is of symmetry type bzu. A similar diad is observed in the infrared spectrum of the 
crystalline material at 1234/1268 cm-l. The combination band vq + v21 in the solid state 
spectrum should have the unperturbed value 1242 cm-l. However, a moderately intense 
band observed at 1246 cm-’ can be assigned to this combination. The band observed at 
1234 cm-’ may be satisfactorily assigned to the combination v6 + vZ4 which has the 
value 1235 cm-’ and belongs to the symmetry class 63%. This combination has the value 
1226 cm-’ in the infrared solution spectrum of p-benzoquinone (-&) which is in agree- 
ment with the experimental data. The analysis of this data suggests assignment of the 
1234 cm-’ band to the combination V~ + v22 and the band at 1268 cm-r as the bzu funda- 
mental, vrg. 
The two au fundamentals may be described approximately as : an out-of-plane C-H 
bending vibration, vzz; and a ring distortion vibration, ~23. Neither of these fundamentals 
is active in the infrared spectrum of the free molecule. Although the a, fundamentals 
are formally active in the Cfh factor group, crystal interactions are apparently too weak 
to induce appreciable intensity and no bands of appropriate frequency were observed 
which could be assigned to these fundamentals in the crystal. 
Experimental values of the a, fundamentals have been obtained previously from 
analysis of the vapor phase electronic absorption spectrum (8), in which the a, funda- 
mentals are active. The absolute value of the ground state a, frequencies, however, 
depends on the frequency of the electronic origin which is not observed in the vapor 
phase. In the present study the electronic origin was observed in the absorption spectra 
of single and mixed crystals of p-benzoquinone (IS), unambiguously determining the 
excited state values of the a, fundamentals. When this information is combined with the 
resonance fluorescence analysis, the absolute values of the a, fundamentals in the 
ground state for quinone-hr and -& are obtained. These values are in agreement with 
those reported by Hollas (8) from his analysis of the vapor phase electronic absorption 
spectrum. 
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Tlae three bzu fundamentals may be approximately described as : a C-H out-of-plane 
bending vibration, vz4; a C=O bending vibration, vz5; and a ring distortion vibration, 
v?&. In the solution infrared spectrum of pbenzoquinone (-da), ~25 was observed as a 
shoulder so that the frequency of 418 CT+ reported by Charney et aZ., is somewhat un- 
certain. This fundamental was observed at 435 cm-’ in both the low temperature solid 
infrared spectrum and in the emission spectra of (-tl,) in mised crystal lattices. The 
corresponding fundamental in (-lz4) increases from 5% cm-’ in solution to 524 cm-’ in 
the solid state, indicating the approximate irequench, reported for VP; in solution b>. 
Charney, Becker and Anno is close to the correct value for the solution spectrum. ~~6 
was observed in both the vapor phase fluorescence spectrum (15) and in the solid state 
at room temperature where it is blended with the 117 cm-’ phonon. The frequency ob- 
tained agrees well with that reported by Charney and its activit!. in the electronic emis- 
sion spectrum is consistent with this assignment. 
The single bl, l’ibratiolz, ~27, involves an out-of-plane C-H bending motion. Observed 
745 an-’ in the solution infrared spectrum of (-lzJ, the frequency increases to 753 cm-’ 
in the solid state spectrum. In the (-cl*) solution infrared spectrum ~~7 is observed at 57,Z 
cr+ and is virtually unchanged in the solid state spectrum. 
The i/wee b2,,,fundumedzls may be approximately described as a C-H bending vibra- 
tion, vyx; an out-of-plane ring distortion, v2g; and a (‘=O bending vibration, vsO. In gen- 
eral, both the (-1f4) and (4,) b2, fundamentals increase by about l’j$ in the solid state. 
I’HONON STRUCTURE AlUD E?(CITON I~TEKACTIOSS 
The normal lattice modes involve two types of motion which may be approsimatelq 
described as rotation about the principal molecular momenta1 axes and translations of 
the molecular center of mass. If there is more than one molecule per unit cell, phase rela- 
tionships between similar motions must also be considered. Cruickshank (13) has es- 
tended the simple Debye-Waller theory for the vibrations of a monatomic lattice to 
include the rotational vibrations present in the lattices of molecular crystals. For rota- 
tional oscillations of amplitude &, the following relation was derived for a molecular 
crystal with two molecules per unit cell : 
lZVl 1 hv2 
-- coth - + - coth __ 
2fiT 2v, 2KT 1 
where I, is the amount of inertia about asis i = n, y, 2; and v1 VP are the in-phase and out- 
of-phase frequencies of oscillation about axis i, at temperature T. Frequently vl- vq and 
the above relation may be used to calculate a mean frequency of oscillation til about axis 
i at temperature T, given & from r-ray diffraction investigations of the thermal molecu- 
ular anisotropic motion, So that, 
$2” = 5.483 X lO”/l~i(l/vi) coth 0.7lc)(ci/T) 
for $i in degrees, 1.i in atomic units and pi in cm- I. For p-benzoquinone, with two mole- 
cules per unit cell, there are 12 lattice modes, of which three correspond to in-phase 
translations of the molecular centers-of-mass rotational modes (optical phonon modes). 
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FIG. 3. Raman spectrum of crystalline p-benzoquinone-& in the lattice frequency region at 77°K. 
The lattice modes may be classified in the Cph factor group as follows: 
3 acoustic: la, + 2b,; 
9 optical: 3 translational; 2a, + b,, 
6 rotational; 3a, + 3b,. 
Since the molecular inversion center is preserved in the crystal, the optical rotational 
lattice vibrations are Raman active, but infrared inactive. The converse is true for the 
optical translational lattice vibrations. 
The Raman spectrum of crystalline p-benzoquinone in the lattice frequency region at 
77°K is shown in Fig. 3. Unlike the molecular fundamentals, the band widths and fre- 
quencies of the lattice modes show a dramatic temperature dependence, narrowing con- 
siderably and shifting to higher frequency with decreasing temperature between 298°K 
and 77°K. Below 77°K little change in either band width or frequency is observed. The 
mean frequencies of the rotational vibrations about the three-principal molecular 
momenta1 axes were calculated from the x-ray diffraction determination of the thermal 
anisotropic motion tensors (II) of p-benzoquinone at 298”K, and are given, together 
with the experimental frequencies at 298°K and 77°K in Table V. The in-phase and out- 
of-phase components of each libration are clearly resolved at 77”K, and six bands are 
observed grouped in pairs corresponding to rotational oscillations about the three 
molecular momenta1 axes. The six lattice frequencies of p-benzoquinone-dr were calcu- 
lated from the experimental p-benzoquinone-h4 lattice frequencies using the relation : 
I%(-JZ4)/iG(-d4) = [li(-d,)/li(-hr)]* 
with [Z(dr)/Z(ha)]* = 1.011 (R,), 1.031 (A!,), 1.058 (R,) and the results compared with 
the experimental frequencies in Table 5. Finally, we note that the splitting between the 
R, and R, band pairs is small (ca. 7 cm-l), indicating relatively little coupling between 
the in-phase and out-of phase oscillations about these axes. The splitting of the high fre- 
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quency band pair, however, is quite large (ca. 28 cm-‘) and is taken to indicate signifit.ant 
coupling between the in-phase and out-of-phase oscillations about the z axis. 
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